Introduction part of these networks. We find that these networks, formed by pyramidal cells, can overlap and share neuThe mammalian neocortex is a tissue of great complexity (Lorente de Nó , 1922). Its connectivity has been invesrons and can repeat in the recordings resembling "synfire chains" (Abeles, 1991). These correlations are tigated for over a hundred years, yet the nature and basic function of the cortical microcircuitry remains unclear blocked by APV/CNQX, indicating that they are synaptically produced. At the same time, spontaneous "autono-(Douglas and Martin, 1998; Somogyi et al., 1998). Traditional models of cortical function have argued for hiermous" activity persists in APV/CNQX, but is blocked by hyperpolarization-activated cationic (H) and persistent, archical, feedforward processing (Hubel and Wiesel, 1977) . Recently, neural network models (Hopfield, 1982) noninactivating Na current (Na p ) current antagonists. Our data indicate that the cortical microcircuit can genhave raised the possibility that the neocortex represents a distributed, feedback circuit and have put the emphaerate a diverse repertoire of temporally structured dynamics mediated by both intrinsic and synaptic mechasis on the endogenous dynamics of cortical activity (Hebb, 1949; Hopfield and Tank, 1986; Lorente de Nó , nisms. 1949), rather than on the input pattern. In fact, correlated activity is found in neocortical circuits during sleep or Results anesthesia or in the absence of sensory stimulation (Creutzfeldt, 1995 ] i increases are likely due to the opening of somatic ous activity was episodic, i.e., started and stopped, or whether it was persistent throughout the recordings, we voltage-sensitive calcium channels (VSCCs) by sodium spikes because bath application of TTX (2 M; n ϭ 15 collapsed the rasterplots onto a single line where the activities of all neurons were superimposed ( Figure 2C , experiments) or the VSCCs antagonists Ni 2ϩ (2 mM; n ϭ 10) or Co 2ϩ (2 mM; n ϭ 4) blocked all spontaneous bottom trace). In almost all experiments the activity was continuous; i.e., seldom were there periods of time in calcium transients. We concluded that the spontaneous calcium transients were triggered by APs and mediated which no activations were detected. The largest gaps found in the collapsed raster plots were ‫009ف‬ ms, alby VSCCs and that these calcium transients could be used as reliable indicators that an action potential had though in most experiments, gaps larger than 50 ms were present. Since we recorded from 20-100 neurons occurred in a given cell.
on the surface of the brain slice, whereas approximately 90,000 neurons are present for each mm 3 of mouse Persistent, Spontaneous Activation cortex (Braitenberg and Schü zt, 1998), it is possible that of Neocortical Neurons during the gaps, spontaneous activity persists in the To characterize the spontaneous activity of the neurons nonimaged region of the slice. We concluded from these by their calcium transients, we imaged fields of fura-2 data that in standard ACSF, neocortical brain slices are AM-labeled neurons (60,154 m 2 ; 758 Ϯ 281 cells/mm 2 , capable of spontaneous activity that can involve a sizn ϭ 20). The number of simultaneously imaged cells able (30%) proportion of neurons in layer 5. This activity ranged from 20 to Ͼ100. To avoid photobleaching, we can persist in a small cortical territory for at least several restricted imaging to ‫81ف‬ s "snapshots," during which seconds, and it may spread through the slice continudetection of calcium transients was optimal.
ously. Under standard ACSF at room temperature, many Because our data were collected in fura-2 AM-labeled cells showed spontaneous calcium transients (196 experiments; Figure 2 ). Cells with spontaneous activity slices, we inquired whether the loading procedure, the use of fura-2, or the fluorescence excitation were generthat the patched cell was the same cell that previously showed spontaneous activity by ensuring that the ating artifactual spontaneous activity. We tested this by whole-cell recordings from slices not loaded with fura-2 evoked calcium transients occurred in the same photodiode as the one that previously recorded the spontaneand not imaged ( Figure 3A) . Some neurons had spontaneous activity after break-in, as evidenced by their reous transients ( Figures 4A-4C ). These whole-cell recordings confirmed that the impeated firing of APs. We also found that this activity could disappear within a few minutes of whole-cell reaged cells that displayed spontaneous activity were neurons (n ϭ 38/38 Lucifer yellow; 25/25 biocytin). These cording. To prevent this "washout," we carried out loose cell-attached recordings (LCA) (Barbour and Isope, cells had resting membrane potentials of ϽϪ60 mV, APs that overshot zero, and input resistances of 234 Ϯ 62 2000) from 20 randomly chosen layer 5 pyramidal neurons from 20 different slices and found that 16 cells M⍀ (n ϭ 13). The majority of the reconstructed neurons were large layer 5 pyramidal cells (n ϭ 19) (Mason and were silent, whereas 4 showed spontaneous activity, as evidenced by the upwards deflections with short timeLarkman, 1990), characterized by thick apical dendrites ( Figure 4D ). These cells can fire bursts of action potento-peak (Ͻ1 ms), which mimicked the time course of APs ( Figures 3B-3E This generated a distribution of correlated activations Spontaneously Active Cells Are Mostly Large Pyramidal Neurons in the random datasets that enabled the direct estimation of the p value of the coactivations in real data, i.e., The fact that a minority of the imaged cells sustained spontaneous activity and that these cells were repeatthe likelihood that the observed coactivations are due to random activation of the neurons (Figures 5A and edly active in different trials, separated by several minutes, indicated that the spontaneous activity involved a 5B). To allow sufficient coactivations to occur in the random datasets, and thus enable the calculation of the specific class of neurons in layer 5. To identify them, we patched active cells with whole-cell electrodes contest statistic, we defined coactive transients as those occurring within five frames (3-11 ms) of each other, taining fura-2 pentapotassium salt (100-500 M), biocytin (0.5%-1%), and, in some experiments, Lucifer yelso by synchronous we mean coactive within this time window. Using this test in 13 experiments at room temlow (Ͻ1%). After whole-cell recording was established, we injected current pulses into the cell to elicit APs and perature, we found that 11 experiments had p Ͻ 0.05, and 7 of them had p Ͻ 0.001. Similar results were obtheir corresponding calcium transients. We confirmed m from each other (n ϭ 13). These pairs of cells tended 5D). These groups were significantly more frequent than in random datasets (7/13 experiments at rt with p Ͻ to be part of the networks detected in the many/once test, suggesting that they represent different aspects of 0.05; 6/13 with p Ͻ 0.01; 3/8 experiments at 35ЊC with p Ͻ 0.01). Indeed, in many random datasets, using 1,000 the same phenomenon ( Figure 5F ). or 10,000 iterations, coactivations of four or more cells were never found, so we reasoned that the coactive Pyramidal Neurons Form Part of the Correlated Networks groups of four or more cells found in the real datasets likely represented truly correlated networks and used
We then pursued the anatomical identification of the neurons that were part of the coactive networks. Since these coactivations to characterize the spatial properties of the networks. On average, each experiment had most neurons displaying the spontaneous activity were pyramidal neurons with large apical dendrites ( Figure  5 .1 Ϯ 0.6 coactive networks of Ն4 cells (0.021 Ϯ 0.003 networks/cell/s; n ϭ 7, mean Ϯ SEM). These networks 4), we reasoned that the cells in the coactive networks likely belonged to the same group. Nevertheless, it is had on average 4.3 Ϯ 0.05 cells (36 networks in 7 experiments) which were spatially clustered, with an average possible that a subset of cells formed the networks. We investigated this possibility using biocytin to reconstruct distance between cells of 206 Ϯ 14 m (n ϭ 160) and a mean area of 16,362 Ϯ 987 m 2 (n ϭ 36). The distribucells that were part of a coactive network. We carried out this experiment successfully with four cells from four tion of these areas was skewed to lower areas with a peak around 5000 m 2 (data not shown). Interestingly, different slices ( Figures 6A and 6B) . Three of the neurons were layer 5 pyramidal cells with apical dendrites (Figure in experiments in which more than two networks occurred in the same field, we observed that cells, usually 6C), and one was a layer 4 small pyramidal cell. These data confirmed that pyramidal neurons were part of the pairs or triplets, could be part of more than one network. Specifically, 35 out of 47 networks shared at least one coactive networks. cell with at least one other network, and 25 out of 160 cells took part in at least two distinct networks con-
Sequences of Delayed Correlations between Cells
Our previous analysis was focused on detecting coactisisting of subsets of four or more synchronously active cells. Finally, we occasionally observed the exact repetivations, i.e., zero delay correlations. We also wondered if there were nonzero delay correlations in the data that tion of the coactivation of all the cells in a network, as if it had precisely reactivated (6/47 networks; Figure 5C , could reveal the flow of activity through the circuit. We pursued this by analyzing the interspike intervals (ISIs; cells 1, 2, 3, and 13).
Further supporting this conclusion, we frequently deinterval between onsets of two calcium transients) between any pair of cells and used the repetitions of the tected repeated coactivations of two cells (two/many; 7/13 at rt; 7/8 at 35ЊC; Figures 5E and 5F). Multiple same ISI as an indication of repeated delays of sequential activation of neurons. Indeed, we detected frequent coactivations of two cells occurred at significantly higher frequencies than in random datasets (7/13 at rt repetitions of the same delays between calcium transients from two neurons ( Figures 7A and 7B) . To deterwith p Ͻ 0.01; 2/8 at 35ЊC with p Ͻ 0.01). On average, we detected 13.8 Ϯ 0.8 coactive pairs per experiment, mine whether the number of ISI repetitions with a partic- Figure 7D ). The distribution we concluded that nonzero delay correlations, those had a peak at zero and declined afterwards (median ϭ with repeated temporal delays, were also mediated by 91 ms; mean ϭ 957 ms). The zero peak is due to the synaptic interactions. fact that a large fraction of the identified connections (15/49, or 30.6%) had a delay smaller than the timing precision window (see Experimental Procedures). Thus, Autonomous Activity in APV/CNQX We were surprised that APV/CNQX did not block all these pairs of cells can be considered as repeatedly coactivated.
spontaneous activity and focused the rest of the study on understanding the nature and mechanisms of the Using delays that were statistically significant, we built graphs of the activation pattern of the cells (Figures activity remaining under APV/CNQX, which we termed "autonomous" activity. On visual inspection of the cal-7A and 7B). In these graphs we noticed the sequential activation of triplets of cells ( Figure 7A, cells 28 (Figures 8A-8D ). To examine whether there were precurrent in the repetitive activity under APV/CNQX. To ferred frequencies for activation, we generated histostudy the role of Na p current, low-dose TTX (15-100 nM) grams of ISIs for data obtained under standard ACSF was used and found to block the firing of transients or APV/CNQX conditions ( Figures 8E-8F Figures 2, 5 , and 7) and incontrol; t test, p ϭ 0.54). We then proceeded to study volves approximately 30% of the imaged cells. Even intrinsic membrane mechanisms that sustain the persisthough we cannot completely rule out that the activity tent activity. In other parts of the nervous system, sevcould be influenced by the calcium indicator, we find eral currents have been known to underlie repetitive or spontaneous AP activity in layer 5 neurons from unoscillatory activity: persistent sodium (Na p ), low-threshloaded, nonimaged slices (Figure 3 ). old calcium current (Crill, 1996 ; Lliná s, 1988), or H-curWe conclude that the spontaneous activity is strucrent (Luthi and McCormick, 1996). We first examined tured because it emerges from a particular class of pyrathe role of low-threshold calcium current by using low midal neurons (Figures 4 and 6) and that four indepennickel concentrations (50 M). The number of transients dent statistical tests show that correlations are present under Ni 2ϩ decreased to 82% of that under control (t test, in the data at frequencies significantly higher than p ϭ 0.46). More drastic changes were seen with agents chance activation (Figures 5 and 7) . In addition, cells that block H current and Na p current. To block H current, display characteristic nonrandom patterns of activation we first used 2-4 mM cesium, but it had no inhibitory (Figures 2 and 4) , and the same neurons are active in effect on the number of transients; indeed the number different trials. Moreover, the repetitions of particular of transients increased to 110% of control (t test, p ϭ sequences of activation (Figures 6 and 7) are very diffi-0.27). We reasoned that Cs probably blocked potassium cult to explain by chance. Finally, an indication that the currents. We thus used another H channel blocker, correlations detected with our tests are not artifactual is that they are blocked by APV/CNQX. ZD7288 (50-100 M), which reduced the number of tran-
Temporally Patterned Spontaneous Activity
firing of other cells to generate precisely timed APs. The fact that we detect these correlations in slices indicates Our analyses indicate that the spontaneous activity is temporally precise, in the form of both zero and nonzero that this hardware seems designed for temporal coding and that internal dynamics could be essential to the delay correlations. The correlations that we detect share important similarities with the "synfire chains": hypothecomputations performed. It may not be a coincidence that the same circuits that are assembled with astonsized, synchronized activity that could propagate through the cortical network (Abeles, 1991). These chains would ishing precision (Kozloski et al., 2001; Reid and Alonso, 1995) can also generate precise temporal dynamics. emerge from sequential synchronization of groups of neurons in polysynaptic circuits, and the exact repetition of a precise firing pattern could be the signature of the reactivation of the same circuit. Because of the nonlineDual Mechanisms of Spontaneous Activity: Reverberating Circuits and Intrinsic arities involved in spike threshold, AP times could be more precise than those of EPSP arrivals ("synchronous
Membrane Properties
In addition to this correlated activity, we find evidence gain"), paradoxically eliminating timing jitter with increasing number of synaptic steps (Abeles, 1991). Also, for the existence of an autonomous type of spontaneous activity (Figures 8-10 ). The neurons responsible for this because of the weak effect of any neuron on any other neuron (Markram, 1997), synchronous activity could be intrinsically generated activity belong to a subclass of cells that appear identical to the well-studied "thick" favored over nonsynchronous, which might disintegrate in a network of weak connections. , 1996) . Also, the statistical significance of these events is affected by APV/ posed to activate spontaneously. Speculations on the mechanisms that generate spon-CNQX, consistent with the possibility that they are circuit based. We feel duty bound to report these results and taneous activity have centered on two ideas: (i) reverberating excitatory circuits (Hebb, 1949; Lorente de Nó , analyses, even though the mechanisms underlying the correlations, and particularly the long delay correlations, 1949) and (ii) intrinsic, intracellularly generated activity of "pacemaker" cells (Lliná s, 1988). These two hypotheses are mysterious and are an important challenge for future research. Moreover, only a clear understanding of these need not be mutually exclusive. Indeed, we find evidence in our data that supports both mechanisms. The mechanisms will confirm the as yet solely statistical nature of these events.
blockade of correlated activity seen in APV/CNQX indicates that part of the spontaneous activity is due to Regardless of their mechanism and their relation to synfire chains, the coactive and delayed networks that excitatory connections, consistent with the idea that these cells are part of reverberating circuits. At the same we detect indicate that the cortical microcircuit not only can sustain spontaneous activity, but is capable of gentime, "autonomous" cells still generate action potentials under APV/CNQX via a mechanism that requires Na p erating particular temporal relations between spikes. This precise timing might be related to the processing and H-currents. It would be fascinating to explore the role of these neurons and their membrane currents in of information by the cortex. Like musicians in an orchestra, cortical neurons appear to be listening to the the behavior of the animal. for 100 consequent data points and the average derivative value was pipettes, filled with ACSF. Signals were filtered at 1 kHz and digitized evaluated for 80 consequent data points. Spikes were considered to at 5 kHz. Experiments were carried out at 32ЊC. All recordings were occur at points in time for which the former value was at least 25% done in current-clamp mode. LCA was established by gently touchof the minimum and the latter value was at least 20% of the minimum ing the pipette against the cell membrane with application of no across the entire trace. For each pair of transient trains in a dataset, suction or at times extremely mild negative pressure (Ͻ0.1 psi).
we identified all ISI repetitions. We then measured the delays beMembrane mechanisms underlying spontaneous autonomous actween the timings of the transients that participated in these intervals tivity were examined by using several drugs (SIGMA), including lowand counted the number of ISI repetitions for each temporal delay. dose TTX (15-100 nM), phenytoin (40 M), cesium chloride (2-4 Next, we determined whether the number of ISI repetitions with the mM), ZD7288 (50-100 M; Tocris), nickel chloride (50 M), and identified temporal delay was significantly higher than chance. We bicuculline methaidodide (BMI, 25 M). created pairs of surrogate transient trains using interval reshuffling, a procedure in which ISIs between neighboring transients in a tranStatistical Analysis sient train are randomly reordered. The advantage of this method Measurements are given as mean Ϯ SD, unless noted. Changes in is that it preserves the number of transients and the distribution of fluorescence were analyzed with programs written in IDL and Matintervals, both of which have an effect on the ISI correlation. Howlab. We defined the fluorescence change over time as ⌬F/F ϭ (F 0 Ϫ ever, consistent temporal delays between the intervals are not pre-F 1 )/F 0 . We did not encounter consecutive calcium transients of differserved, allowing for an estimation of randomly occurring delayed ent amplitudes, i.e., optical signals from two different cells, intercacorrelation. For each pair of transient trains, we performed interval lated in the same photodiode recording. For every cell, the onset reshuffling 10,000 times and counted the number of ISI repetitions of each calcium transient was determined using an algorithm that with the most commonly occurring delay for each surrogate pair. defined the onset as the frame after which the ⌬F/F change exThe p value was directly estimated from the resulting distribution. ceeded a set threshold, typically a negative 5-25 analog-to-digital We performed this analysis for some data sets with various temporal units (ADU) change per single frame, or a two-step algorithm with resolutions, ranging from 1 frame (0.6-2.2 ms) to 50 frames (30-110 consecutive negative changes of 20-30 ADU. ms). We chose a temporal resolution of 10 frames (6-22 ms) as a compromise between detection of delayed correlations and estimaTo test whether transients revealed correlations (general signifi- tion of their significance, which depends on the window chosen t 1 , t 2 , t 3 , and t n . The first plot consists of (n Ϫ 2) dots with abscissa and ordinate (t i Ϫ t i Ϫ 1 , t i ϩ 1 Ϫ t i ), i ϭ 2, …n Ϫ 1. For a perfectly (Prut et al., 1998).
We also performed independent analyses of delayed correlations regular train with period T, the plot collapses to a single point (T, T). For less periodic trains, the ISI plot consists of dots that spread using spike exchange resample, which consists of repeatedly exchanging the time position of pairs of spikes randomly chosen from around a center whose coordinates (X 0 , Y 0 ) are determined by minimizing mean square distance from all the dots. The spread of these two cells (Victor and Purpura 1996) , and Monte Carlo simulations, randomizing the time position of each spike (Schwartz et al, 1998) . dots is measured by the square root of the mean square distance and is normalized by dividing the spread by the mean ISI, (X 0 ϩ In these two additional tests, we did not find any significant difference in results compared to interval reshuffling (data not shown). 
